Abstract-Feedback control of microelectromechanical systems (MEMS) devices has the potential to significantly improve device performance and reliability. One of the main obstacles to its broader use is the small number of on-chip sensing options that are available to MEMS designers. A method of using integrated piezoresistive sensing is proposed and demonstrated as another option. Integrated piezoresistive sensing utilizes the inherent piezoresistive property of polycrystalline silicon from which many MEMS devices are fabricated. As compliant MEMS structures flex to perform their functions, their resistance changes. That resistance change can be used to transduce the structures' deflection into an electrical signal. The piezoresistive microdisplacement transducer (PMT) is a demonstration structure that uses integrated piezoresistive sensing to monitor the output displacement of a thermomechanical inplane microactuator (TIM). Using the PMT as a feedback sensor for closed-loop control of the TIM provided excellent tracking with no evident steady-state error, maintained the positioning resolution to ±29 nm or less, and increased the robustness of the system such that it was insensitive to significant damage.
I. INTRODUCTION
C LOSED-LOOP (CL) feedback control of dynamic systems is useful in improving system performance and reliability. Researchers have applied feedback control to microelectromechanical systems (MEMS) devices [1] - [10] , but one of the major challenges to the effective application of CL control to MEMS is the feedback sensor. It is difficult to monitor the performance of many MEMS devices due to their microscale size. This paper presents a system that is composed of a thermal actuator mechanically coupled to a compliant piezoresistive sensing structure. The changing resistance of the structure is used as the feedback sensor monitoring the thermal actuator's output displacement. This system demonstrates that compliant piezoresistive devices can produce signal-to-noise ratios that are appropriate for feedback control and that simple feedback control schemes can result in significant performance and reliability improvements for MEMS.
Some MEMS can be monitored through their output. For example, many optical MEMS produce an output that is easily observable [1] , [11] - [13] . Other systems do not produce such macroscale output. In some research environments, an optical sensor such as a laser Doppler vibrometer is used to measure micro-or nanoscale displacements for feedback control [3] , [14] .
Commonly, on-chip MEMS position sensors exploit capacitive [3] , [7] , [15] or piezoresistive [16] , [17] effects. Capacitive sensors can be difficult to implement in surface micromachined devices because of the sensing electrodes' small (much less than 1 mm
2 ) surface area. The sensors therefore produce small changes in capacitance, on the scale of femtofarads, that are difficult to detect in the presence of parasitic capacitance [3] . The piezoresistive sensing utilized in this study differs from the traditional approach because no additional process steps are required to create a piezoresistive region. Typically, onchip piezoresistive sensing is achieved by selectively doping or depositing a piezoresistive current path in a region that experiences high compressive or tensile stress when the device displaces [17] - [20] .
The sensor in this study is a compliant device in which the entire structure is piezoresistive. Such uniformly doped compliant piezoresistive sensors can be fabricated as an integral element of a MEMS actuator. Although applied to a thermomechanical inplane microactuator (TIM) in this research, the broader concepts of an integrated piezoresistive sensor and the use of piezoresistance in feedback control can be extended to other thermal or electrostatic MEMS actuators.
A. Piezoresistivity of Polysilicon
The resistivity of a piezoresistive material is a function of the stress that it is experiencing. For semiconductors, the piezoresistive effect is large-up to two orders of magnitude larger than that for metals [21] . The piezoresistive properties of polycrystalline silicon [22] , [23] form the basis for a variety of MEMS sensors such as accelerometers [24] , [25] and pressure sensors [17] , [26] .
As stated earlier, a method for employing piezoresistivity in MEMS devices is to use additional process steps to selectively dope or deposit specific piezoresistive regions on the device. Those doped regions become isolated piezoresistive elements that ideally monitor the strain of the most stressed parts of the device. However, it is also possible to fabricate piezoresistive MEMS by patterning uniformly doped polysilicon layers.
1 By carefully designing a compliant mechanism to form a current path through its compliant flexures, which are fabricated from these uniformly doped polysilicon layers, the sensing functionality is integrated into the entire device. This is referred to as integrated piezoresistive sensing because it does not require "attaching" a separate sensing element through selective doping.
B. TIM
The TIM is used in this work to demonstrate piezoresistive feedback control of a MEMS actuator. Piezoresistive feedback control is applicable to other MEMS thermal or electrostatic actuators, although these applications are not discussed here.
The TIM is an actuator that amplifies thermal expansion to produce a linear output force in the plane of the substrate [29] - [33] . It is constructed by suspending a shuttle off of the substrate with two symmetric arrays of thin beams. These beams are inclined in the direction of the desired displacement in a bent-beam or chevron shape. The beams are attached to bond pads which are anchored to the substrate as shown in Fig. 1(a) .
A voltage is applied across the two bond pads, which induces a current through the thin beams. The current generates ohmic heating, and as the temperature of the beams rises, they expand. The lengthening of the beams causes them to buckle, and this buckling displaces the shuttle in the desired direction as shown in Fig. 1(b) . The geometry of the TIM causes the relatively small increases in beam length to be amplified into relatively large displacements of the center shuttle.
The TIM has many characteristics that make it suitable for a variety of MEMS applications. The TIM's robust reliable operation is realized through geometry that can be fabricated in a single layer. It is capable of producing output forces in the millinewton range and displacements on the order of 10 μm using voltages on the order of 5-10 V [16] , [29] , [34] - [36] .
The output force and displacement characteristics of thermal microactuators make them ideally suited to meeting the actua- 1 Standard surface micromachining processes such as MUMPs [27] and SUMMiT [28] use uniformly doped polycrystalline layers. tion requirements of compliant bistable devices [29] , [36] - [38] . They have also been used to power variable optical attenuators [13] , [39] and RF switches [40] , [41] . Additionally, thermal actuators have been shown to be a stable and repeatable actuator for MEMS nanopositioning applications [42] . The physics of thermal actuator operation are well understood with accurate and accessible models available to aid in device and control design [31] - [33] , [43] .
Simplified mathematical models of thermal actuators using lumped elements and constant thermal properties do not generally match well with experimental data [31] , [33] . The high-temperature gradients that enable thermal actuators to work require that an accurate model incorporates temperaturedependent thermal and electrical properties. The long thin expansion beams also require a distributed solution to the thermal simulation. Given this nonlinear distributed problem, finite-difference [31] or finite-element [32] , [44] solutions are appropriate.
The TIM used in this study was fabricated using the PolyMUMPs prototyping service [27] . The beams and shuttle are made in the poly1 and poly2 layers laminated together for a total out-of-plane thickness of 3.5 μm. This maximizes the available beam aspect ratio, thus inhibiting out-of-plane motion. A poly0 structure is used under the TIM to mitigate stiction. Fig. 2 shows a dimensioned schematic of the TIM used in this study. The expansion beams are 250 μm long, 3 μm wide (in-plane), 3.5 μm thick (out-of-plane), and angled by 0.7
• . The TIM uses two groupings of expansion legs, each with four legs. Within each group, the legs are spaced 20 μm apart, and there is 170 μm between leg groups. The TIM has an electrical resistance of approximately 300 Ω.
An examination of the finite-element simulation for this TIM predicts a safe maximum displacement of about 10 μm. It also predicts a 400-Hz bandwidth for the thermal response. This is orders of magnitude below the mechanical natural frequencies reported by Hickey et al. [33] and Messenger [44] , which are around 100 kHz.
II. PMT
The piezoresistive microdisplacement transducer (PMT) [45] used in this study employs a pair of sensing flexures that is similar to the beam pairs of the TIM. As shown in Fig. 3 , the flexure pair is fabricated identically to a TIM beam pair, except that it is inclined in the opposite direction. The PMT's initial resistance is 2.4 kΩ. The sensor uses 3.7 mW when using a 3-V excitation across the bridge. Fig. 4 shows the TIM/PMT layout and how it functions. As the flexure pair is displaced, it experiences increasingly greater stresses, as shown in Fig. 5 . As a result of their inherent piezoresistivity, the sensing flexures' electrical resistance increases as the stress increases. The sensing flexures, along with three fixed reference flexure pairs, form the legs of a Wheatstone bridge, shown schematically in Fig. 6 . The output of the bridge is the electric potential difference between V a and V b , which is a function of the bridge excitation voltage (V ex ) and the resistances of the bridge legs (flexure pairs). The result is that the displacement of the TIM can be inferred from the output voltage of the PMT. A scanning electron micrograph of the TIM and the PMT is shown in Fig. 7 .
Using reference flexures in the Wheatstone bridge not only allows for a well-balanced bridge but also provides thermal compensation. The temperature profile of the PMT can be modeled the same way that a thermal actuator is modeled. Heat transfer models that have been developed for MEMS thermal actuators [31] , [32] , [44] , [46] show that the temperature profile of a long thin beam with current running through it is dominated by the internal ohmic heat generation and the large thermal sink of the substrate that is in close proximity to the beam. Based on these previous modeling results, we predict that temperature changes in the PMT are predominantly due to ohmic heating from the excitation voltage. Standard analog circuitry is sufficient for any signal conditioning because of the dc nature of the sensor output voltage.
With a 3-V excitation, the PMT outputs approximately 1 mV/μm of displacement. To remove any common-mode interference from the TIM actuation voltage, the Wheatstone bridge was excited using a floating power supply, and the output voltage was measured using an instrumentation amplifier.
The analog signal conditioning circuitry compensated for the dc bias from the Wheatstone bridge to give 0 V from the PMT at 0-nm TIM displacement. Additionally, the signal was amplified further (a total gain of 1000) and low-pass filtered with a 37-kHz second-order Butterworth filter for dynamic performance measurements or filtered with a 20-Hz secondorder Butterworth filter for steady-state sensor characterization and positioning measurements. Unless otherwise noted, all of the data reported reflect this signal conditioning.
When compared to the output force of the TIM, the PMT does not require a significant force to displace. Finite-element analysis (FEA) modeling of the structure, including thermal expansion forces, predicts that 15 μN is required to displace the PMT 5 μm. A TIM with these dimensions can provide approximately 300 μN at that displacement [47] . The PMT does not significantly alter the dynamics of the TIM. TIM dynamics are dominated by the heat transfer dynamics of the thermal expansion beams, and the heat transfer of the expansion beams is not significantly affected by proximity to the PMT.
A. Piezoresistive Response of the PMT

Doping concentrations for MUMPs are not controlled well. They are typically about 10
19 phosphorus atoms/cm 3 . Even though the exact piezoresistive response cannot be calculated due to variations in dopant concentrations, it is desirable to predict the general form of the response. The linear model of piezoresistance [48] has been shown to correctly predict changes in resistance due to uniaxial loading but not for flexures experiencing more complex loading [23] , [49] .
Messenger [50] developed a piezoresistive flexure model that estimates fractional change in resistance for a long thin polysilicon beam experiencing axial and/or moment loads using experimentally derived parameters to relate stresses to changes in resistance. This model estimates the net fractional change in resistance of a beam under complex loading, in which current flows longitudinally through the beam. The model assumes that the piezoresistive response is dominated by changes in resistance due to stresses in the direction of current flow (e.g., stresses due to axial loading and the maximum tensile stresses due to applied moment loads), while transverse shear stresses in the beam are assumed to make a negligible contribution [23] .
Planar six-degree-of-freedom beam finite elements can be used to calculate stresses due to axial loading and the maximum tensile stresses due to applied moment loads for long thin flexures. The stresses in the PMT due to an applied displacement and thermal expansion were modeled using an ANSYS 2-D six-degree-of-freedom-beam-element static nonlinear elastic model. Given the stresses due to axial loading and the maximum tensile stresses due to applied moment loads for each beam element in the model, the net fractional change in resistance is given by
where n is the number of elements that the beam is subdivided into, β A is the experimentally derived parameter for stresses due to axial loading, β M is the experimentally derived parameter for the maximum tensile stresses due to an applied moment load, σ i,A is the stress due to axial loading for the ith element, and σ i,M is the maximum tensile stress due to applied moment loading for the ith element. Summing the results from the ith to the nth elements using (1) predicts the net fractional change in resistance of the beam experiencing the combination of axial and moment loads. When the PMT's piezoresistive sensing beam pair is placed in a Wheatstone bridge, with three other identical but stationary beam pairs, the Wheatstone bridge output is a function of the sensing pair's fractional change in resistance and the bridge excitation voltage
The bridge excitation voltage V ex was 3 V dc in all experiments reported in this paper.
The PMT's Wheatstone bridge output is simulated in three steps. First, FEA of the PMT's sensing flexures provides the stresses due to axial loads and the maximum tensile stresses due to moment loads induced by the PMT's thermal expansion and the displacement applied by the TIM. The stresses due to axial loading are about ten times as large as the maximum tensile stresses due to applied moments bending stresses and are significantly affected by the thermal expansion of the flexures which result from the bridge excitation voltage V ex .
Second, these stresses are used in (1) to calculate the fractional change in resistance for various displacements of the PMT. From the data collected for the PolyMUMPs process, representative values of β A and β M were taken as β A = −122.6 × 10 −6 MPa −1 and β M = 2.5 × 10 −9 MPa −2 [50] , respectively. Third, the fractional change in resistance from (1) is input into (2) to predict the bridge output voltage. The predicted PMT output versus TIM displacement is shown in Fig. 8 . The piezoresistive flexure model predicts a nearly linear approximation to the response of the PMT for an average flexure temperature of 350
• C. The slope of the linear approximation to the response of the PMT is affected by the parameters β A and β M , which, in PolyMUMPs, can vary from fabrication run to fabrication run. Additionally, since the piezoresistance of polysilicon is temperature dependent [51] and ohmic heating in the beams results in a nonuniform temperature profile, the true values of the parameters β A and β M will vary slightly according to the sensing beams' temperature profile. These temperature-profile-induced differences in the piezoresistive coefficients are a likely source of observed nonlinearity in the actual PMT output shown in Fig. 8 . Additionally, thermal conduction through the TIM shuttle to the PMT may also contribute to nonuniform temperature profiles and, consequently, to the observed nonlinear PMT response [31] .
B. Sensor Characterization
The PMT is useful as a sensor because it has a specific and repeatable relationship between its resistance and its displacement. This relationship is a one-to-one mapping function (1) and (2) is shown along with the physics-based model, the first-order calibration curve, and the reduced fourthorder calibration curve. such that a unique PMT output voltage corresponds to a unique displacement. To calibrate this particular TIM/PMT system, TIM displacements were measured and compared with the resulting PMT output voltages to characterize the PMT voltage-to-displacement mapping function. The displacements were measured in ambient air by taking digital images of the deflected structure using a light microscope at 1000× magnification. The displacements were also measured using a scanning electron microscope 3 (SEM) at 7500× magnification. As shown in Fig. 9 , fiducial marks were integrated into the structure that facilitated subpixel measurement of the images by an image processing algorithm [43] .
Significant curvature was expected from previous experience; therefore, data points were taken, in random order, at five evenly spaced levels in ambient air and in the vacuum of a SEM. The model and the calibration curves presented in the following do not include constant (offset) terms because 0 V from the PMT corresponds to a 0-nm TIM displacement. Sufficient replication was used (14 total data points) to quantify the uncertainty of the regression. 3 Philips XL30 ESEM FEG.
The measured noise from the PMT output can be transformed into sensor repeatability using variance propagation. The measurement taken in ambient air with the largest spread had a standard deviation of 4.3 mV (after 1000× amplification and 20-Hz rolloff low-pass filtering) that maps to a spread having a standard deviation of 4.7 nm or a 95% confidence interval of ±9.1 nm. In other words, a PMT measurement is within 9.1 nm of another PMT measurement that has the same output voltage.
The vacuum environment inside the SEM significantly changes the heat transfer physics of the sensor and the actuator, resulting in greater PMT sensitivity. As a result, a smaller signal conditioning gain was required. The electrical environment inside the SEM is also noisier, requiring the more aggressive 20-Hz low-pass filter. The sensor repeatability, when operated in the SEM, is ±12 nm as calculated from a variance propagation just as was done with the optical results. The degraded repeatability likely results from the noisy electrical environment inside the SEM.
For the physics-based model and the calibration curves, the residuals were used to generate confidence intervals that have a 95% chance of containing the true system performance (TIM displacement) for a given system input (PMT voltage).
A physics-based model can be derived from the Wheatstone bridge equation. To generate this model, all resistors are assumed to have the same initial resistance R. Additionally, the model assumes that the PMT's sensing flexure has a change in resistance of ΔR PMT due to the piezoresistive response and any thermal effects from the TIM. The "dummy" resistors each experience the same change in resistance of ΔR D due to thermal effects from the TIM. The amplified PMT output voltage V PMT is then given by
G is the signal conditioning gain and V ex is the bridge excitation voltage. Combining terms gives
This model assumes that ΔR PMT is proportional to some piezoresistive coefficient and displacement δ TIM (ΔR PMT = Aδ TIM ). The model assumes that ΔR D is linearly dependent on the TIM's temperature, which is approximated by a linear dependence on the power input to the TIM, which, in turn, is assumed to be linearly dependent on the displacement δ TIM (ΔR D = Bδ TIM ). Making these assumptions gives
The model is made more compact by G, V ex , R, (A + B), and (A − B) terms to give
which can be solved for δ TIM to give The values of C 1 and C 2 are found by performing a nonlinear least squares regression on the displacement and voltage data. Examination of the experimentally measured PMT output shown in Figs. 8 and 10 reveals at least two inflection points in the PMT response which is not modeled by (7) . The statistical response surface method can be used to generate empirical calibration curves for systems, such as the PMT, which are either difficult or impossible to model from first principles but whose response to inputs is measurable. This method allows for the estimation of the coefficients for an n − 1 degree polynomial calibration curve from measurements taken at n levels. Repeated measurements at these levels allow for the estimation of the measurement system and calibration curve error. Calibration curve terms, which, through statistical analysis, are shown to make an insignificant contribution to the calibration curve's accuracy, can be trimmed from the polynomial to produce a more parsimonious equation [52] .
While the analytically predicted response for an isothermal PMT is close to linear, the true PMT response is significantly nonlinear due to the nonuniform temperature profile of the PMT and the temperature dependence of the experimentally derived parameters β A and β M , as described previously. A fourth-order calibration curve will capture significant curvature due to the PMT's nonuniform temperature profile such that any deviation from the calibration curve will be measurement uncertainty. After computing the full fourth-order polynomial, the insignificant (V PMT ) 2 term was trimmed from the polynomial, and the calibration curve was recomputed to generate a reduced fourthorder calibration curve. Fig. 8 shows the data points, a first-order linear calibration curve (R 2 = 0.8855), and the reduced fourth-order calibration curve (R 2 = 0.9991). The resulting reduced fourth-order calibration curve relating the PMT sensor output V PMT , which is in signal conditioned volts, to the TIM displacement δ TIM , which is in nanometers, is 
The regression's uncertainty is too small to illustrate clearly in the figure, but the maximum spread of the confidence interval is ±93 nm.
TIMs have demonstrated significantly better positioning repeatability than ±93 nm [42] . Additionally, the physics governing PMT operation, as discussed previously, imply the existence of a well-behaved continuous function that maps displacement to stress and then to resistance change. It is therefore reasonable to assume that a majority of the ±93-nm uncertainty comes from the optical displacement measurements. Fig. 10 shows the data taken in the SEM, a first-order linear calibration curve (R 2 = 0.9892), and the reduced fourth-order calibration curve (R 2 = 0.9998). The fourth-order calibration curve relating the PMT sensor output, which is signal conditioned for the SEM, to the TIM displacement, which is in nanometers, is 
Once again, the residuals from the reduced fourth-order calibration curve were used to determine the bounding envelope that has a 95% certainty of containing the actual TIM displacement for a given PMT output. Using the SEM for displacement measurements reduces the confidence interval's maximum spread to ±20 nm. The variable gain seen in the PMT output plotted in Fig. 10 , specifically the reduced gain around the fourth measurement level, is most likely due to nonlinear effects arising from uneven heating of the PMT flexures. [32] , [44] , [53] . The sinusoidal input demonstrates the expected double-frequency TIM response. The double-frequency response is a result of the TIM physics. The TIM output displacement is a function of the expansion beam temperature, which is a function of the power into the system. The power is proportional to the input voltage squared. The trigonometric identity demonstrates that a squared sinusoidal input results in a vertically shifted double-frequency response. An intuitive description is that the TIM will actuate the same direction regardless of the voltage polarity. Fig. 11 also shows that the PMT produces a strong signal with low noise. The signal-to-noise ratio is 450 as measured by comparing a 95% confidence interval of the signal to its magnitude. The piezoresistive sensing phenomenon comes from the polysilicon band-gap energy responding to the changing interatomic spacing of the stressed crystalline structure. The dynamics of this phenomenon are much faster than the heat transfer dynamics of the system or even the mechanical resonance of the device. It can therefore be assumed that the PMT does not contribute any dynamics to the output signal. The spike that is evident at the rising edge of the square wave is an electrical artifact resulting from electro-magnetic field interference between the larger actuating signal and the smaller sensor output at the device level. The spike happens too fast to be a physical effect of the system and is still evident when a "dummy" system is used that has the same electrical layout without any piezoresistive output. The phenomenon is most likely parasitic capacitive coupling between the Wheatstone bridge output and the input signal to the TIM and will be explained in greater detail in the next section.
C. Dynamic Performance
The frequency response of the TIM/PMT system was measured to facilitate control design. Fig. 12 shows the frequency response as measured by a spectrum analyzer connected to the TIM/PMT system (gain of 1000, 37-kHz second-order low-pass filter). The system was driven by a sine sweep with a signal that ranged from 0 to 3 V. Biasing the input to include only positive voltages results in increasing displacement with increasing applied voltage rather than increasing TIM displacement with decreasing negative voltage, as shown in Fig. 11 . The validity of using a frequency response such as this one is confirmed by coherence values of 0.997 or greater throughout the frequency range measured. The steep magnitude drop-off at about 500 Hz results from the heat transfer dynamics of the TIM and is close to the expected value of about 400 Hz that is reported in the literature [31] , [32] , [44] . Since the TIM/PMT frequency response is limited by the TIM's heat transfer dynamics, which is much below the TIM's mechanical resonance of approximately 100 kHz, one would expect that the magnitude would continue to decrease above approximately 500 Hz. Thus, the magnitude rise after about 5000 Hz is likely due to parasitic capacitance between the Wheatstone bridge and the input signal to the TIM.
The TIM actuation signal was applied symmetrically to the expansion beams; for example, one bond pad was at −2 V, and the other was at +2 V. In this manner, the center shuttle of the TIM and, consequently, the physical connection to the PMT remained at a constant 0 V relative to the driving signal, ruling out direction conduction as a possible source of the interfering signal.
D. Parasitic Capacitance
A low-order approximation of the thermal and electrical dynamics of the system provides greater confidence that parasitic capacitance is being observed. In addition, it provides some insight into how to minimize the problem. The primary contribution to the output signal from the PMT is TIM motion. A secondary smaller contribution is suspected to come from parasitic capacitance. While it does not capture the distributed effects of the TIM heat transfer dynamics [31] , [32] , [44] , a first-order lumped model of the actuator provides a reasonable approximation of its behavior and allows the effects of parasitic capacitance to be analyzed. A typical first-order transfer function with a time constant of 300 μs can be used to model the dynamic behavior of the TIM Parasitic capacitance is also a distributed phenomenon. The PMT structure is capacitively coupled to the TIM, the surrounding environment, and nearby electrical connections. A firstorder lumped approximation is used to investigate how parasitic capacitance affects the PMT output dynamics. The parasitic capacitance is modeled by connecting one output terminal of the PMT Wheatstone bridge to the TIM actuation voltage V Act through a representative parasitic capacitor C, as shown in Fig. 13 . The corresponding transfer function relating V Act to V out is
The parasitic capacitance acts in parallel with the actuator dynamics on the output of the sensor. In other words, the TIM actuation voltage has two paths to contribute to the PMT output dynamics. The desired transmission is the actuation voltage causing TIM motion and that motion being measured by the changing resistance of the sensing flexures. The undesirable transmission is through the parasitic capacitance. The system dynamics can be estimated by combining the low-order approximations of these two sources of dynamics in parallel, as shown in Fig. 14 . A low-pass filter is applied to the sensor output signal, as was done in the experimental system. The resulting frequency response is of the same form as the measured response shown in Fig. 12 . This leads us to believe that parasitic capacitance causes the high-frequency rise in magnitude observed in the experimental system.
Experience also shows that both abnormal phenomena observed in the PMT output (the spikes that are evident on the step response and the high-frequency rise in magnitude on the frequency response) are mitigated by reducing the effective value of the parasitic capacitor. Isolating the electrical connections actuating the TIM and placing grounded structures between the TIM and the PMT, as shown in Fig. 15 , reduce both the phenomena, further indicating that the high-frequency rise and the step response spikes are both likely caused by parasitic capacitance. While this parasitic capacitive phenomenon does not represent TIM motion, it does have an effect on system CL stability and control design. 
III. CONTROL DESIGN
The empirical frequency response shown in Fig. 12 is used to design standard control laws for the TIM/PMT system. We will use the empirical data for control design because it captures accurate information about the system even under conditions where the distributed thermal and electrical dynamics are not well defined.
The control designs described in the following follow the standard form shown in Fig. 16, where D(s) represents the controller dynamics and G(s) represents the system dynamics including the actuator, sensor, and signal conditioning. For this nanopositioning application, two metrics will be used to gauge performance: settling time and steady-state error. 
A. Proportional Control
The OL frequency response in Fig. 12 indicates that significant transient response improvement can be achieved with simple proportional control
The gain (k p ) can be increased to improve tracking performance until the high-frequency electrical artifact begins causing stability problems. Fig. 17 shows the response of the TIM under proportional control. While the initial transient response is significantly faster with proportional control, the settling times for the OL and proportional control systems are both about 1.5 ms.
While proportional control has desirable transient response characteristics, it results in a significant steady-state error of almost 50% of the step input magnitude. The steady-state error results from the heat transfer physics of the system and is expected with proportional control alone [43] .
B. Integral-Lead Control
The steady-state error that is evident in the proportional control response is eliminated by an integrator in the control law. In addition, some form of derivative-based dynamic control can effectively mitigate the negative effects that an integrator has on the transient response. An integral-lead controller
is formed from a lead controller modified to include integration by increasing the order of the denominator. The lead portion of the control can be tuned so that it does not amplify the highfrequency electrical artifact shown in Fig. 12 .
The integral-lead controller is implemented using a single op-amp stage, as shown in Fig. 18 . The circuit parameters are related to the control values by the expressions The control values were selected [54] , using the OL frequency response (Fig. 12) , to set the controller zero (ω z ) to 200 rad/s, the pole (ω p ) to 10 000 rad/s, and the gain (k) equal in magnitude to the pole. These values were chosen as a compromise between rise time and overshoot. The predicted CL response, of the system with integral-lead control, has a gain margin of 1.8 and a phase margin of 45
• . Fig. 19 shows the close tracking performance achieved with integral-lead control. No steady-state error is evident, while the settling time is approximately 4 ms. While the initial transient response is comparable to that of the proportional control system, the integral action requires additional time to drive the steady-state error to zero. Of the three systems presented (OL, proportional, and integral-lead), only the integral-lead system can guarantee zero steady-state error in response to a constant input command, thus making it the most suitable choice for nanopositioning applications.
C. Proportional Integral Control for Steady-State Positioning in a Vacuum
Steady-state nanopositioning tests were run inside a SEM to provide a more accurate measurement of TIM displacement and to characterize its precision and repeatability. The vacuum environment inside the SEM slows the heat transfer dynamics of the TIM because there is no surrounding atmosphere through which heat can be conducted to the substrate [31] . Additionally, the more aggressive low-pass second-order Butterworth filter with a 20-Hz rolloff frequency is required inside the harsh electrical environment of the SEM. The slower TIM dynamics and the aggressive low-pass filter introduce instability when using the integral-lead control. However, a simple proportional integral control
is sufficient because we are bandwidth limited to 20 Hz by the rolloff frequency of the aggressive low-pass filter that we used to compensate for the noisy electrical environment inside the SEM.
D. Position Control Results
TIM positioning accuracy was quantified by measuring the displacement resulting from five input voltage levels. Once again, the data were taken in random order and with sufficient replication to measure uncertainty. Regression analysis was used to identify an envelope that bounds, to a 95% confidence, TIM displacement as a function of the input voltage. Although the analysis is similar to that done on the regressions in Figs. 8 and 10 , this analysis relates displacement to the input voltage driving the system. The previous analysis related displacement to the output voltage of the PMT.
The spread of the bounding envelopes is a measure of the uncertainty in the experiment. Potential uncertainty comes from input voltage variation, displacement measurement, and device operation variability. Implementing feedback control affects the device operation, while the input voltage and the displacement measurement remain the same. Comparing the spread of the bounding envelopes for the OL and CL data sets reveals any significant effect feedback control has on TIM positioning accuracy.
The OL data are contained by an envelope with a maximum spread of ±29.9 nm, while the CL data are bounded by an envelope with a maximum spread of ±29.4 nm. These values are close to each other, indicating that the sensor did not introduce significant noise that would degrade the system accuracy. Displacement measurements taken on a device that Fig. 21 . Optical micrograph of a TIM with one missing and one broken expansion beam to introduce a disturbance. Fig. 22 . CL response of the broken TIM/PMT system shown in Fig. 21 (gain = 1000, 37-kHz low-pass filtered). The system demonstrating insensitivity to the significant defects.
was known to not be moving isolated the uncertainty in the SEM measurement process. The SEM measurements have a 95% confidence interval of ±23.1 nm. As this represents over 75% of the OL and CL positioning uncertainty, it is likely that the device performance is better than we can measure with this setup.
E. Disturbance Rejection
Disturbance rejection is another significant advantage from operating systems with feedback control. MEMS and other microscale devices are susceptible to normally insignificant environmental factors. Dust particles can impede motion, surface stiction can dominate other system forces, and delicate components can easily be fractured. The ability to automatically compensate for these complications will increase the reliability and robustness of many MEMS devices.
A TIM with one missing expansion beam and one broken expansion beam, as shown in Fig. 21 , was operated CL to demonstrate disturbance rejection. The same integral-lead controller, as described previously, was used. Fig. 22 shows a plot of the input and output signals to the system. The excellent tracking, where the input and output signals are superimposed, demonstrates the system's insensitivity to the device defects.
IV. CONCLUSION
It has been demonstrated that the PMT is an effective feedback sensor for CL control of a MEMS thermal actuator. The PMT has a monotonically increasing mapping of output voltage to displacement and a repeatability of ±9.1 nm.
Feedback control, using the PMT as the sensor, provided excellent tracking with no steady-state error, maintained the positioning resolution to ±29 nm or less, and increased the robustness of the system such that it was insensitive to significant damage.
In a more general sense, the PMT demonstrates that uniformly doped compliant piezoresistive sensors can be used for both OL sensing and CL control of MEMS actuators. Since such sensors are fabricated from the same material as the actuator to which they are coupled, no additional process steps are required to make such sensors an integral element of a MEMS actuator. Although the PMT was used with a TIM in this research, the broader concepts of an integrated piezoresistive sensor and the use of piezoresistance in feedback control can be extended to other MEMS actuators.
